The prevalence of alcohol misuse increased substantially over a decade in adults, particularly in those aged 65 years or older. Ramifications for brain structural integrity are significant, especially in older adults.
I t is well established through in vivo neuroimaging [1] [2] [3] and postmortem 4, 5 studies that chronic, excessive alcohol consumption can result in regional brain shrinkage. This assertion is supported by longitudinal evidence indicating that at least partial reversal of tissue volume deficits and ventricular dilatation occur early in abstinence-over days to weeks 6, 7 -and that further cortical tissue shrinkage ensues with resumption of drinking. 1, 8, 9 The most commonly reported regions affected in vivo are frontally distributed, notably superior and middle lateral, orbital, and medial frontal gyri in individuals with treated [10] [11] [12] and never-treated 13 alcoholism. Prefrontal cortex is also a target of normal aging, showing pronounced volume decline from approximately age 50 years onward. [14] [15] [16] The potential interaction of normal aging and alcoholism has been borne out in several cross-sectional studies in which accelerated volume declines appear by approximately age 45 years in alcoholdependent groups. 17, 18 Assessing the association between agealcoholism interactions and brain structure has new urgency considering current epidemiologic data indicating a major increase, measured throughout a decade, of 106.7% (from 1.5% to 3.1% of the US population) in the prevalence of alcohol use disorder (AUD) in individuals aged 65 years or older. This increasing prevalence of AUD is also occurring in younger adults, ranging from a 44.4% increase in individuals aged 18 to 29 years to 47.7% in those aged 30 to 44 years and 81.5% in adults aged 45 to 64 years. 19 To date, the locus and extent of enduring regional cortical volume deficits, however, have not been examined longitudinally across the adult age range in large samples of participants with alcohol dependence.
Factors that contribute to persistent or accelerated brain volume abnormalities are still being identified but likely include alcohol consumption variables of frequency and amount drunk, age at onset of alcohol misuse, and conditions resulting from years of abusive drinking, such as withdrawal signs and symptoms 20 and alcoholism-related nutritional deficiencies. 21, 22 Perhaps the most salient factor is age, which may render the older brain especially vulnerable to insult from other factors, including excessive alcohol consumption and attendant events. Among these events are accruing detoxification experiences; comorbid licit and illicit drug dependence, which is a frequent concomitant factor of alcohol misuse 23 ; and acquired medical conditions, such as hepatitis C virus (HCV) infection, which is prevalent in individuals who misuse alcohol. 24, 25 Alcohol use disorder and drug use comorbidity rates are high, highlighting the relevance of potentially compounding effects of substance dependence on brain structural integrity. Estimates indicate that 4 of 5 adults with a substance use disorder also have AUD 26 and that 15% of adults with AUD also have a substance use disorder. 27 Commonly abused substances in the United States include cocaine, opiates, amphetamines, and cannabis. Several studies report enhancement of activation in reward networks of the striatum or enlargement in striatal structures compared with control participants with drug dependence meta-analyses, 28, 29 whereas studies of alcoholism report striatal volume deficits involving caudate nucleus, nucleus accumbens, or globus pallidus. 10 Overall, evidence indicates that various constellations of drug and alcohol misuse confer some selective and other overlapping effects on brain structure.
Hepatitis C virus infection also occurs with high prevalence in individuals with AUD 25 and is the most common bloodborne infection in the United States. Hepatitis C virus can infiltrate the brain 30 with presence in the frontal but not occipital cortex. 31 The prevalence of HCV is highest (approximately 75%)
in those born between 1945 and 1965 who are now approximately aged 50 to 70 years, which is the time of notable senescent brain structural declines in unaffected persons [14] [15] [16] and accelerates in individuals with alcoholism. 17 Alcoholism and HCV infection comorbidity also increases the risk of chronic liver disease morbidity and mortality. 25 Although intravenous drug use is the most recognized vehicle of infection, other non-drug-related causes exist and include male-to-male sex and body tattoos.
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Given the known independent contributions of age, alcoholism, drug, and HCV infection to frontal volume insult, we tested the hypotheses that alcohol-dependent adults (1) would exhibit significant cortical volume deficits and show accelerated aging selective to frontal cortical loci; (2) would have greater volume deficits, especially affecting frontal sites, than those without drug dependence; (3) would show compounded alcoholism-related volume deficits in frontal cortex when infected with HCV; and (4) who were drug-free and HCVinfection-free would have enduring volume deficits.
Methods

Participants
The participants were drawn from our ongoing longitudinal studies of brain magnetic resonance imaging (MRI) (control participants 15 and those with alcoholism
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). Clinical psychologists (including S.A.S.) or research nurses administered the Structured Clinical Interview for DSM-IV 34 to all study participants. 33 Only participants meeting DSM-IV criteria for alcohol dependence were included in the patient group. Prospective control participants did not meet DSM-IV criteria for any Axis I disorder. Quantity of lifetime alcohol consumption and date of last drink were obtained from all participants by interview. [35] [36] [37] The study was conducted from April 11, 2003, to March 3, 2017. All study participants provided written informed consent, and the study was approved by the institutional review boards of Stanford University School of Medicine and SRI International. Participants received financial compensation.
Of the 222 participants with alcoholism, 123 (55.4%) also met historical DSM-IV criteria for substance dependence. Substances most commonly used to dependence were cocaine, cannabis, amphetamines, and opiates: 86 participants with alcoholism (38.7%) had a lifetime history of cocaine dependence, 50 (22.5%) had a history of cannabis dependence, 44 (19.8%) had a history of amphetamine dependence, and 30 (13.5%) had a history of opiate dependence. Approximate mean remission time for the most recent nonalcohol substance of abuse/dependence was 495.8 weeks (median, 294 weeks). One control participant developed cannabis dependence at a later MRI scan but had no drug diagnosis at her initial visit. Of the 222 participants with alcoholism, 107 (48.2%) had current nicotine dependence, 35 (15.8%) had a history of nicotine dependence, 60 (27.0%) never had nicotine dependence, and the status of 20 (9.0%) was unknown. Of the 199 control participants, 14 (7.0%) had current nicotine dependence, 6 (3.0%) had a history of nicotine dependence, 117 (58.8%) never had nicotine dependence, and the status of 62 (31.2%) was unknown.
MRI Acquisition and Analysis
Image Acquisition Data obtained with MRI were acquired between April 11, 2003 , and March 3, 2017 (3-T GE whole-body MR systems; General Electric Healthcare). An 8-channel phased-array head coil and the same axial acquisition protocol were used throughout (eAppendix 1 in the Supplement).
Statistical Analysis
All statistical analyses (eAppendix 2 in the Supplement) were performed with the R statistical language software. 38 The magnitude of cortical gray matter volume is correlated with supratentorial volume (svol). To examine each gray matter volume region independent of svol, the regression of regional volume on svol was computed for control participants with a general linear model (lm in R); this function was then applied to the data of all participants at each scan. Only control participants were used in the fitting function to ensure that the estimate of association was not influenced by disease. 35, 39 This procedure also minimized sex effects given that women, in general, have smaller heads and svol than men (mean svol for control women, 1199.3 mL vs control men, 1360.5 mL; t = 11.397; P <10 −16 in the present sample).
Results
A control group was selected to match the 25-to 75-year age range of the alcoholism group at study entry. 19 the groups comprised more men than women, but the control and alcoholism groups had similar sex representation and were of similar ages (Table; eT able1intheSupplement). All analyses were based on regional brain volumes adjusted for total brain volume (svol), which minimized differences attributable to sex. 
Regional Volume Deficits in Participants With Alcoholism
Examination of the 6 major cortical volumes identified 5 regions showing volume deficits in the alcoholism compared with control groups: frontal (t = −5.732, P < .001), temporal (t = −3.151, P = .002), parietal (t = −5.063, P < .001), cingulate (t = −3.170, P = .002), and insular (t = −4.920, P < .001) cortices ( Figure 1 ; eTable 2A in the Supplement); the exception was the occipital lobe. Analysis of the 23 cortical subregions (eFigure 2 for frontal subregions in the Supplement) revealed gray matter volume deficits in the alcoholism compared with the control group in 16 regions (false discovery rate corrected; eTable 2B in the Supplement): precentral (t = −5.428, P < .001), superior (t = −3.131, P = .005), middle (t = −2.763, P = .01), inferior (t = −2.318, P = .03), supplementary motor (t = −3.891, P < .001), medial (t = −4.481, P < .001) frontal; insula (t = −4.920, P < .001); anterior (t = −2.681, P = .01) and midposterior (t = −2.156, P = .05) cingulate; postcentral (t =−3.946, P < .001), superior (t = −3.492, P = .002), inferior (t = −4.002, P < .001), precuneus (t = −3.148, P = .005), paracentral (t = −3.051, P = .006) parietal; and superior (t = −2.865, P = .01) and middle (t = −2.914, P = .01) temporal. Volume deficits were prominent in frontal, parietal, and insular cortices and were less so but still significant in temporal and cingulate regions ( Figure 2 ). Testing for diagnosis-by-sex interactions yielded no significant effects in either the 6-or the 23-regional volume analyses.
Age-Alcoholism Interactions
The effect of age was examined independently for the control and alcoholism groups. The control group showed significant aging effects in 5 of the 6 cortical regions: frontal P < .001; insula t = −2.511, P = .01; cingulate t = −2.374, P = .02; parietal t = −6.195, P < .001; temporal t = −5.535, P < .0001 (not occipital). Age-alcohol interactions occurred in the alcoholism group over and above those measured in the control group for the frontal cortex only (t = −3.019, P = .02) (eTable 3A in the Supplement). Age-associated declines were detected in all 7 frontal subregions of the alcoholism and control groups (eTable 3B in the Supplement). Furthermore, the alcoholism group showed agealcoholism interactions in the precentral (t = −2.691, P = .04) and superior frontal (t = −2.763, P = .04) cortices that ex- ceeded the age declines identified in the control participants ( Figure 3 ; eFigure 3 in the Supplement).
To identify factors that contributed to the agealcoholism interactions, we examined drinking variables commonly associated with age. Total alcohol ingested in a lifetime correlated with mean age of alcohol-dependent individuals (r =0.263;P < .001), and older age of alcoholism onset correlated with older age at examination (r = 0.367; P < .001) (eFigure 4 in the Supplement). Smaller, ageadjusted frontal cortical volumes showed a correlational trend with total lifetime alcohol consumption (r = −0.122; P = .07). Many participants had a relatively late onset of alcohol dependence. To test for regional volume differences in older participants (age ≥40 years), we divided that alcoholism group into those with early onset (by age 30 years, n = 117) and those with late-onset (age ≥40 years, n = 24). This comparison revealed smaller age-adjusted frontal cortical volumes in the lateonset relative to the early-onset group (t = −2.271; P = .03) even having controlled for normal aging effects. The late-onset group had lower lifetime alcohol consumption than the early-onset group (early mean, 1480.8 kg; late mean, 759.9 kg; t = 6.1191; P < .001), but these groups did not differ significantly in days since last drink (t = 1.4525; P = .15).
Drug and Alcohol Dependence Comorbidity
The first test of drug comorbidity examined volumes of the 5 alcoholism subgroups (101 alcohol only, 86 alcohol-cocaine, 30 alcohol-opiates, 44 alcohol-amphetamines, 50 alcoholcannabis) against control volumes of the 6 lobar regions. Each of these 5 subgroups had volume deficits in frontal, insula, and parietal cortices relative to control participants (P < .004; eTable 4). Furthermore, alcohol-dependent participants without a drug history (t = −2.86, P = .02) and those with a cocaine history (t = −2.586, P = .03) also showed volume deficits in temporal cortices; in addition, the cocaine group had deficits in cingulate cortex (t = −2.717, P = .03). Those with alcohol dependence with amphetamine (t = 2.448, P = .04) or cannabis (t = 2.596, P = .04) histories had larger occipital volumes than control participants (eTable 4 in the Supplement). The second test examined volumes of the 4 alcoholism subgroups with histories of drug dependence against the alcoholism subgroup with no history of drug dependence. The alcohol-cocaine (t = −2.310, P = .04) and alcohol-opiate (t = −2.424, P = .04) groups had smaller frontal volumes than the alcoholism group without drug histories (eTable 4 and eFigure 5 in the Supplement), whereas the alcoholism subgroup with amphetamine (t = 2.591, P = .02) or cannabis 
Precuneus
Values from t tests for regional volumes indicating group differences and false discovery rate (FDR)-corrected P values. The t values for 3 occipital regional comparisons indicated a nonsignificant higher value for the alcoholic than control group. (A). In general, the alcohol-dependent group had smaller volumes than the control group. Lateral (B) and medial (C) sagittal views of the gray matter regions show volume deficits in alcohol-dependent participants.
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Aging, Drug Dependence, and Hepatitis C Comorbidity in Alcoholism Cortical Compromise (t = 2.722, P = .02) histories had larger occipital volumes than the non-drug-dependent alcoholism subgroup. Given the observed frontal deficits, we tested for group differences in the 7 frontal volumes. Three regions showed significant volume deficits in the alcoholism group with no history of drug dependence and each of the 4 alcohol-drug groups relative to control participants: precentral (t = −2.575, P = .01), supplementary motor (t = −2.532, P = .01), and medial (t = −2.800, P = .01) cortices. Comparisons of the alcoholdrug groups with the nondrug alcoholism group did not yield significant differences for any of the 7 frontal subregions (eTable 4 in the Supplement).
HCV-Alcoholism Comorbidity
We compared the volumes of 6 lobar regions in alcoholdependent participants with and without HCV infection comorbidity (eTable 1 in the Supplement). Results indicated smaller volumes in those with HCV infection than without HCV infection in the frontal volumes only (t = 3.468, P =. 0 1 ) (Figure 4 ; eTable 5 in the Supplement). Analysis of the 7 frontal subregions revealed larger volumes for alcoholdependent participants without HCV infection in the precentral (t = 2.513, P = .03), superior (t = 2.533, P = .03), and orbital (t = 2.506, P = .03) cortices (eTable 5A in the Supplement). Compared with the 89 control participants with known HCV status, the 115 alcohol-dependent participants free of HCV infection had significant volume deficits in frontal (t = 2.660, P = .02), insular (t = 3.526, P = .003), parietal (t = 2.414, P = .03), temporal (t = 3.221, P = .005), and precentral (t = 3.180, P = .01) cortical volumes (eTable 5B in the Supplement).
Group Differences in Alcohol-Dependent Participants Scanned Once vs Multiple Times
Questioning whether alcohol-dependent participants who received 1 MRI differed in demographic or volume data from those who returned for multiple examinations revealed significant differences in alcohol consumption variables between these subgroups (eTable 6 in the Supplement). The subgroup scanned once had drunk more alcohol in the year before scanning (t = 2.076, P = .04) and had a shorter interval between the last drink and the scan (t = −2.030, P = .04). Even greater differences were identified for the number of detoxifications (χ 2 = 106.69. P < .001), history of drinking to stop symptoms (χ 2 = 72.04. P < .001), and seizures (χ 2 = 12.432.
P < .001), all of which occurred with greater frequency in the single-than multiple-scan subgroup. Our reanalysis of the MRI data with respect to these subgroups revealed a similar pattern of regional volume deficits and frontal age interactions in both subgroups (single group t = −3.339; P < .001; multiple group t = −2.510; P = .01) (eFigure 6 in the Supplement), with the single MRI group having even greater volume deficits than the multiple MRI group in frontal, temporal, parietal, and occipital regions.
Discussion
Examination of cortical brain structure using atlas-based, quantitative MRI revealed regionally selective volume deficits in the 222 alcohol-dependent participants relative to a control group spanning the same 50-year adult age range. Regional volumes most extensively affected included lateral and medial frontal, parietal, and insular cortices with additional deficits in temporal and cingulate regions. These effects endured when examining alcohol-dependent participants without comorbidity of drug dependence or HCV infection, and there was evidence for compounded untoward effects of drug dependence and HCV infection with alcoholism. Although our cohort of nearly 200 control participants showed an expected age-related cortical volume decline salient in precentral and superior frontal regions, longitudinal analysis of the alcoholism group data identified agealcoholism interactions beyond those observed in control participants. These findings in alcohol-dependent and control participants, examined 1 to 8 times or more during intervals of 1 week to 12.5 years, representing, to our knowledge, the largest and longest-studied group to date, support our a P value false discovery rate corrected.
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Pattern of Cortical Volume Deficits Associated With Alcohol Dependence and Aging
Courville's 40 early claim of focal neuronal loss in alcoholism cases on postmortem study included the superior dorsal surfaces of the frontal cortex in addition to the precentral, postcentral, and superior parietal regions with sparing of temporal, inferior parietal, and occipital regions. This postmortem pattern of regional effects of alcoholism on cortex reflects the in vivo pattern observed herein and consistent with other in vivo studies 2,10 of abstinent alcohol-dependent participants and reviews. 12, 13 A central aim of this longitudinal analysis was to test for agealcoholism interactions. Accordingly, we observed a selectivity of frontal cortex to age-alcoholism interaction beyond normal aging effects and independent of deficits related to drug dependence. This interaction is consistent with that of a crosssectional study, which reported an age-alcoholism interaction on nonspecific, total gray matter/white matter volume ratios in alcohol-dependent participants without drug dependence history, but not in those with a comorbid lifetime cocaine use disorder.
41 Our age-alcoholism interaction identified longitudinally supports earlier cross-sectional findings showing that older alcohol-dependent participants had greater cortical volume deficits selective to prefrontal and frontal regions beyond those observed in normal aging. 17, 35 The accelerated volume deficits in the older alcohol-dependent participants could not readily be attributed to more years of heavy drinking, given that many had a late onset of their disorder and lower lifetime alcohol consumption estimates than their early-onset counterparts.
Alcohol and Drug Dependence Comorbidity
Given the high incidence (54.5%) of drug dependence in these alcohol-dependent participants, additional analysis examined subgroups according to the drugs most misused (ie, cocaine, cannabis, amphetamines, opiates) compared with participants with alcoholism free of drug dependence and control participants. Each of these 4 drugs is associated with cortical volume abnormalities, some unique and many overlapping with each other, notably in frontal regions. 23, 42 A few studies have considered alcohol-drug comorbidities. One study reported a similar level of prefrontal volume deficits in 6-week abstinent crack-cocaine dependents with or without alcohol dependence. 43 Yet, a larger study failed to detect independent influence of comorbid cocaine dependence on gray matter volume deficits in alcohol-dependent men. 41 Herein, although the alcohol-cocaine and alcohol-opiate groups had smaller frontal volumes than the drug-dependence-free alcohol-dependent participants, deficits in precentral, supplementary motor, and medial volumes endured when the analysis was limited to drugdependence-free alcohol-dependent participants.
Alcohol and HCV Infection Comorbidity
Alcohol-dependent participants with HCV infection had greater deficits than those without HCV infection in precentral, superior, and orbital frontal volumes. Nonetheless, the total frontal, insular, and precentral volume deficits were significant in the uninfected alcoholism group compared with control participants with known HCV status. Thus, HCV infection, while having focal effects on frontal brain systems, 30 ,31 targeted frontally based systems also vulnerable to chronic and extensive alcohol consumption. Whether the compounded untoward effects of alcoholism and HCV infection on brain structure can be ameliorated with successful treatment of the infection remains to be determined.
Limitations
One limitation of the study is that alcohol-dependent participants were recruited from community-based treatment centers, which, according to estimates, account for less than 25% of individuals needing treatment. 44 Thus, our results cannot necessarily generalize to all adults with AUD. 18 A further limitation is the absence of non-alcohol-dependent drug or HCVinfected comparison groups, which were unavailable. Although formal testing for diagnosis-by-sex interactions identified no sex effects, we are cautious to conclude that sex differences do not occur in alcohol dependence, especially given some evidence from cross-sectional studies reporting greater volume deficits in women than men, 45 
Conclusions
Alcoholism's target of prefrontal and frontal cortical tissue has been thematic for nearly a century of quantitative analysis. In vivo neuroimaging findings have continued this theme in demonstrating consistencies in compromise of frontal-fugal systems 12 extending to insular and parietal sites, now associated with behaviors commonly observed in alcoholism, such as problems with inhibitory control, poor insight, visuospatial disabilities, 48-50 and liability for relapse. 11 Alcohol is a critical agent in understanding observed brain structural compromise given that neither drug dependence nor HCV infection comorbidities accounted for the frontally distributed volume deficits in the drug-free alcohol-dependent group. Finally, the presence of age-alcoholism interactions notable in frontal cortex puts older alcohol-dependent individuals at heightened risk for age-associated functional compromise, 19 even if excessive drinking is initiated later in life. This supplementary material has been provided by the authors to give readers additional information about their work. INTRODUCTION In the context of aging with alcoholism, drug dependence, and HCV comorbidity, the study focused on the following: 1) localization of cortical regions exhibiting accelerated aging in alcoholism relative to normal aging; 2) examination of sex differences and alcohol consumption correlates of regional cortical volume deficits; 3) consideration of drug dependence comorbidity as contributing to or accounting for observed cortical volume deficits; and 4) investigation of whether and where in brain structure HCV infection comorbidity exacerbates regional cortical volume deficits over and above that observed in alcoholism without HCV infection.
A few studies examining the effects of single or polydrug use on cortical volumes have revealed deficits in precentral, supramarginal, superior temporal, and inferior parietal cortices associated with methamphetamine abuse, and hippocampal, middle temporal, and inferior frontal volume deficits associated with cocaine abuse 1, 2 . A consistent theme in amphetamine and cocaine studies is the involvement of the ventromedial prefrontal, insular, and striatal volumes even in occasional users 3 . Additional targets of cocaine use are the anterior cingulate cortex 4 , anterior prefrontal, temporal, insula, striatal 5 , and parietal occipital gray matter volumes 6 but see 7 .
Nucleus accumbens volume deficits 8 and enlargement of the Sylvian fissure 9 were detected in cases of opiate abuse, whereas lateral and medial orbitofrontal volume deficits occurred with cannabis dependence 10 . Studies focusing on the effect of polydrug use/AUD comorbidity on brain structure identified thinner anterior cingulate cortex in AUD with than without polydrug use, yet these groups had a similar extent of orbitofrontal volume deficits 11, 12 . When the effects of cocaine or cannabis comorbidity on AUD were statistically controlled, AUD presented as the strongest signal with some evidence for a compounded effect from cocaine 13 . An MRI study of crack cocaine dependence revealed prefrontal volume deficits in patients regardless of co dependence on alcohol 14 .
METHODS
Participants
All participants were screened by medical history questionnaire for chronic conditions that might affect brain structure, such as head trauma, loss of consciousness, uncontrolled hypertension, and diabetes, and screened with a breathalyzer to ensure a blood alcohol level of 0.0.
MRI Acquisition and Analysis
T1 weighted Inversion Recovery Prepared SPGR images (TR=6.55/5.92 ms, TE=1.56/1.93 ms, TI=300/300 ms, matrix = 256x256, thick=1.25 mm, skip=0 mm, 124 slices). Routine phantom data were used to evaluate spatial fidelity; drift was corrected by adjusting scanner calibration parameters when necessary to maintain spatial stability within manufacturer guidelines.
Image Processing
Despite the 14 year span of data acquisition, all MRI data were processed at once using a common procedure. Preprocessing of the T1 weighted MRI data involved noise removal 15 and segmentations of the brain mask generated by FSL BET 16 , AFNI 3dSkullStrip 17 , FreeSurfer mri_gcut 18 , and the Robust Brain Extraction (ROBEX) 19 . In parallel, the noise corrected, T1 weighted MRI was corrected for field inhomogeneity via N4ITK 20 and brain masks of the resulting MRI were generated by the three previous segmentation methods and FreeSurfer mri_gcut 18 . The resulting 7 brain masks were combined into one using majority voting 21 , i.e., each voxel of the mask was labeled as part of the brain if so indicated by the majority of segmentations.
Further processing focused on extracting longitudinal consistent measurements from the skull stripped T1 weighted MRI. For each subject, an average intensity map for each visit was computed by non rigidly registering the skull stripped T1 weighted MRIs of the other visits of that subject to the visit via the symmetric, diffeomorphic non rigid registration (ANTS) 22 and then computing the average intensity across all visits. To generate brain tissue segmentations (gray matter, white matter, and cerebrospinal fluid), the average intensity maps of the follow up visits were rigidly aligned to the baseline via ANTS 22 before simultaneously segmenting all visits via Atropos 23 . The longitudinal brain tissue segmentations were further parcellated into the regions defined by the SRI24 atlas 24 by non rigidly registering the atlas to the average intensity map at baseline via ANTS 22 . For the gray matter, the parcellated maps defined 6 lobar regions: frontal, temporal, parietal, and occipital, cingulate, and insular cortices. These cortical regions were further divided into 23 subregions: the frontal region was parcellated into precentral, superior, orbital, middle, inferior, supplemental motor, and medial regions; insula; the cingulate cortex into anterior and middle posterior regions; the occipital lobe into calcarine, cuneus, lingual, and lateral regions; the parietal region into postcentral, superior, inferior, supramarginal, precuneus, and paracentral cortices; and the temporal lobe into superior, middle, and inferior regions (Supplemental Figure 6 ). The final output was the gray matter volume of each region.
To seek systematic effect of scanning date on MRI measures, we tested correlations between the supratentorial volume of the controls at their first MRI and the days since 2003 of these observations. This analysis yielded r=.046, which was not significant (p=.34, df=419), thereby confirming our assumption about the stability of the scanner and its output.
Statistical Analysis
The effect of diagnosis. The effect of diagnosis was examined with linear mixed effects models (lmer), which incorporated cross sectional and longitudinal observations, with volume as a function of diagnosis+age across all observations for all subjects. Dependence of volume on the interaction of diagnosis and age (diagnosis*age) was also examined. Similar analyses were performed for diagnosis+sex and diagnosis*sex.
Effects independent of age and sex. The effect of age on gray matter volume was computed (lmer) for all control subjects for all observations. The results of this function were then used to compute age independent observations for all participants (control and alcohol dependent) over all observations, producing a value we called "age_predicted." This calculation was followed by computing the mean age and mean age independent values across observations for each subject, producing a single value, "age_predicted_mean," for each subject. Sex effects were then removed with regression analysis (lm), using diagnosis as the independent variable, "age_predicted_mean" as the dependent variable, and sex as a covariate, producing "sex_age_predicted_mean." These age and sex independent data, expressed as a single value for each subject, were then used to examine the effects of drug dependence, HCV infection, and drinking variables related lifetime measures. (See R code below).
Effect of drinking variables. Within the alcoholic group, the age and sex independent brain values were used to examine the influence of drinking variables and the brain with t tests for dichotomous drinking variables (number of withdrawals and history of detoxifications) and correlations with continuous drinking variables (total alcohol consumed over a lifetime by the final MRI, alcohol consumed in the year before the final MRI, days since the last drink at the final MRI, and age at alcoholism onset).
Effect of drug dependence history. Using the age and sex independent data, diagnosis among those with each of the four drug dependence categories (86 cocaine, 50 cannabis, 44 amphetamine, 30 opiates) and the 101 non drug dependent alcoholic participants was tested against the 199 controls with a general linear model (lm) followed by analysis of variance (anova). These tests were repeated using the non drug dependent alcoholic group as the comparator for each of the four drug groups.
Effect of HCV infection history. Using the age and sex independent data, diagnosis among those with known HCV infection status (89 controls, 115 HCV negative alcoholic participants, 37 HCV positive alcoholic participants) was tested with lm followed by anova. Follow up t tests examined differences between group pairs.
DISCUSSION Factors potentially related to alcohol dependence effects
The alcoholic subgroup scanned once revealed critical differences from the subgroup scanned multiple times in alcohol consumption and sequelae history, indicative of a disease severity difference. Consistent with greater alcohol related severity, the once scanned subgroup had even greater regional cortical volume deficits than the multiple scanned subgroup, consistent with challenges in recruiting and retaining alcoholic individuals with heightened relapse histories and vulnerabilities in longitudinal studies (cf., 25 ). Despite reports of sex differences often suggesting greater insult to the female than male brain (e.g., 26 ), not all studies have concurred (e.g., 27 ). Supporting the latter result, no sex effects were detected in this large data set. Possible sex differences were attenuated by adjusting each volume measure for differences in supratentorial volumes, which were smaller by 11.8% in control women than men and 11.3% in alcoholic women than alcoholic men.
Alcohol and Drug Dependence Comorbidity
Cocaine dependence is associated with gray matter volume deficits in anterior prefrontal cortex, and with inferior frontal, insular, and superior temporal gyri in women and precentral and midcingulate cortices in men 6 . A meta analysis indicated that cocaine and methamphetamine dependencies were each associated with volume deficits notable in the inferior frontal, superior temporal, and insular cortices; further, methamphetamine had a greater effect than cocaine on superior frontal and insular volumes, whereas cocaine's effect was greater on the superior temporal and inferior parietal volumes 2 . By contrast, the effect of cannabis dependence on the cortex appears to target medial orbitofrontal volumes, 10 although other studies report focal effects on medial temporal structures 28 30 . Similarly, polysubstance abusers were found to have orbitofrontal volume deficits relative to controls without difference from non drug misusing alcoholic participants 11, 12 . 
